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exocrine pancreas; sequential exocytosis; basolateral exocytosis; spinning disk microscopy PANCREATIC ACINI are a classical nonexcitable polarized epithelial cell model (37) . Inactive proenzymes (digestive enzyme precursors) called zymogens are synthesized and packaged into large dense-cored zymogen granules (ZGs), which localize to the apical pole of the acini (37) . In response to Ca 2ϩ -and cAMP-mediated signaling cascades, ZGs fuse with the apical plasma membrane (APM) followed by fusion between ZGs (homotypic fusion) to mediate efficient apical exocytosis of digestive enzymes into the pancreatic duct, which eventually empties into the duodenum (38, 61) . Isolated pancreatic acinar cells have been shown to maintain structural integrity, protein synthesis, and secretion abilities (1) . Accordingly, this cell type is a good cell model for studying protein synthesis, processing, transport, and exocytosis as evidenced by the fact that initial studies using pancreatic exocrine cells were crucial in identifying the transport pathways of nascent proteins from the endoplasmic reticulum (ER) to Golgi (37) . Although these studies have used biochemical approaches, imaging assays have also been employed to more clearly and mechanistically assess these events, particularly exocytosis.
Many imaging assays have been used to study pancreatic acinar exocytosis. Electron microscopy (EM) studies have demonstrated not only normal apical exocytosis and ZG-ZG homotypic fusion but also pathological lateral plasma membrane (PM) fusion events in acini using alcoholic pancreatitis models (12) . However, EM studies have their own disadvantages for studying exocytosis. First, EM is a static assay and does not allow study of fusion events in real time. As a result, in other secretory cell types, EM has been shown to be unable to distinguish sequential and multigranular exocytosis because it lacks this temporal resolution of exocytosis (11, 41) . Second, EM requires that the cells be fixed, so live cells cannot be imaged. Third, due to the thin two-dimensional cross sections imaged by EM, fusion events may be more difficult to detect (particularly when fusion pores are small) and lateral exocytosis events may be infrequently detected (35, 40) , unless many cells and many sections per cell are analyzed.
Initial fluorescent imaging assays have employed membrane-impermeable lipophilic dyes such as FM1-43, which can reversibly stain membranes and is applied to image ZG exocytosis in pancreatic acini using epifluorescence microscopy. When bound to membranes, its fluorescence is greater than when it is unbound (10) . When ZGs fuse with the PM, the extracellular FM1-43 dye enters the ZG lumen and fluorescent "hot spots" appear (12, 13, 28) . This imaging method, however, has several drawbacks. First, FM1-43 dye continues to fluoresce after granule endocytosis (45) . Second, FM1-43 dye cannot distinguish between exocytosis and endocytosis. Third, FM1-43 imaging requires the dye to have easy access to the entire membrane surface area of the cell. In acinar cells, however, the lateral PM is spatially restricted, since acinar cells are clustered together. Accordingly, lateral PM fusion events have been more difficult to detect in acinar cells relative to APM and basolateral plasma membrane (BPM) events using this method (13) .
When coupled with more powerful microscopy techniques (e.g., 2-photon microscopy), the use of fluorescent extracellular dyes, however, can become more versatile. In fact, such dyes have been successful in distinguishing primary (ZG-APM) exocytosis and ensuing secondary ZG-ZG fusions (sequential exocytosis) (11, 33, 50, 56) . Two-photon excitation microscopy in particular has been successful in examining acinar sequential exocytosis (33) . This technique involves immersing the cells in a solution with a polar fluid-phase fluorescent tracer such as sulforhodamine B (SRB). When exocytic events occur, ⍀-shaped fluorescent profiles appear. Accordingly, sequential exocytosis appears as beadlike strands of vesicles (48) . Twophoton extracellular tracer imaging has multiple advantages, including 1) minimized heat generation (26) , 2) the ability to image multiple colors simultaneously (43), 3) high spatiotemporal resolution (33), 4) the ability to penetrate into deep tissues such as acini (27, 33) , and 5) the ability to follow fused vesicles (27) . Several recent studies have examined compound exocytosis using two-photon excitation imaging with extracellular polar tracers (TEP) (27, 33, 48, 49) .
Unfortunately, even with more versatile microscopy techniques, extracellular dyes still cannot distinguish exocytosis from endocytosis and would not detect lateral PM fusion events in acinar cells. Thus an alternate acinar exocytosis imaging technique is required to address these shortcomings of previous methods. In this report, a novel live acinar exocytosis imaging technique capable of distinguishing apical, sequential, and basolateral exocytosis is described. Infections of pancreatic acini with a syncollin-pHluorin adenovirus were performed, followed by short-term culture of the cells. Tagging pHluorin to syncollin marks the first instance in which this method has been applied to acinar exocytosis imaging. Syncollin is a cargo protein that adheres strongly to pancreatic ZG membranes but was initially misconstrued to be a vesicle soluble N-ethylmaleimide-sensitive factor attachment protein receptor (v-SNARE) (15) . Although syncollin lacks a transmembrane domain, it nonetheless adheres to the luminal face of ZGs (2) in a cholesterol-dependent fashion (2, 20) . Accordingly, it is an excellent marker of secretory vesicles and can be used to visualize secretory vesicles by being fused to fluorophore proteins such as enhanced GFP (EGFP) (23, 24, 55) . Since syncollin-GFP fusion protein reliably targets to dense core granules, several studies have used this as an excellent surrogate marker of secretory vesicles, including ZGs in pancreatic acini (19) . In addition, in studies on insulin secretion, GFP fusion to syncollin as a method of tracking insulin exocytosis seemed to reduce whatever primary endogenous action syncollin has on insulin secretion (18) .
pHluorin, a GFP variant whose fluorescence is reversibly pH dependent, has been fused to secretory granule membrane proteins to study exocytosis (31) . The luminal pH of secretory vesicles is acidic (3, 47) . This property of secretory vesicles allows ecliptic pHluorin (fused to luminal proteins) to be used to study exocytosis. At low luminal pH values, ecliptic pHluorin fluorescence is low (31) . When vesicles fuse with the PM and extracellular fluid enters the lumen, the pH increases to 7.4 (mildly basic) and the excitation spectrum of pHluorin undergoes a shift, allowing it to fluoresce (31). Hence, stimulation was shown to induce fluorescence changes in the regions corresponding to granule content release (31) . The fluorescent spots subsequently disappeared due to endocytosis and reacidification (31) . pHluorin has been used to tag a number of exocytic proteins to examine various exocytic events, particularly in neurons, and these exocytic proteins include vesicleassociated membrane protein 2 (VAMP2) (31), synaptophysin (17) , synaptotagmin (16, 59) , and vesicular glutamate transporter (vGlut-1) (51) .
In this study, we have tagged syncollin with pHluorin to examine acinar cell ZG exocytosis. Syncollin-pHluorin in the ZG lumen will not fluoresce before exocytosis, but on fusion with the PM and exposure of the ZG lumen to the extracellular space, the pH will rise and the pHluorin will fluoresce, thus allowing exocytosis to be observed with temporal and spatial resolution. The use of syncollin-pHluorin for real-time exocytosis imaging, in this study employing spinning disk microscopy, is an improvement over the FM1-43 imaging technique previously used for acinar cells, because it can distinguish between endocytic and exocytic fusions. Furthermore, the syncollin-pHluorin imaging method is better designed to examine basolateral exocytosis in acini not previously resolved using extracellular dyes. In addition, use of FM1-43 or SRB to image exocytosis requires the dye to have access to the membrane, which seems to be inefficient or restricted from the lateral PM of acinar cells. Employing an endogenous secretory vesicle content marker (syncollin) fused to pHluorin circumvents this problem.
METHODS

Antibodies and Reagents
The antibodies used included those specific for ␣-amylase (rabbit, 1:1,000; Sigma-Aldrich, St. Louis, MO), ␣-tubulin (mouse; SigmaAldrich), GFP (mouse, 1:1,000; Jackson ImmunoResearch Laboratories, West Grove, PA), and VAMP8 (rabbit, 1:1,200; Synaptic Systems, Göttingen, Germany). The calnexin antibody used (rabbit, 1:1,000) was a gift from David B. Williams (University of Toronto). Sulfated cholecystokinin (CCK)-8 was obtained from Research Plus (Barnegat, NJ). The pCMV-NPY-pHluorin vector was a gift from Shuzo Sugita (University of Toronto). Syncollin cDNA was a gift from J. Michael Edwardson (University of Cambridge, Cambridge, UK), and pBluescript-syncollin-GFP was previously constructed by Dr. Yu He from H. Gaisano's laboratory (University of Toronto).
Acinar Isolation and Culture
Mice (male, C57BL6, 10 -14 wk) were killed by cervical dislocation, after which the pancreas was dissected and pancreatic acinar cells were isolated, as previously described (12), using Krebs-Ringer-HEPES buffer (104 mM NaCl, 5 mM KCl, 1 mM KH 2PO4, 1.2 mM MgCl2, and 25 mM HEPES, pH 7.4) supplemented with 0.1/1.2 mM CaCl2, 2.5 mM D-glucose, 2 mM glutamine, MEM amino acids (Invitrogen, Burlington, ON, Canada), MEM nonessential amino acids (Invitrogen), 0.015% (wt/vol) soybean trypsin inhibitor (STI), and 0.2% (wt/vol) BSA. Cells were dissociated via a process of mechanical dissociation in a shaking water bath (37°C, 100 rpm) and enzymatic digestion (130 -240 units of CLSPA-grade collagenase; Worthington, Lakewood, NJ), followed by trituration and filtering through a 212-m filter. Animal care and all procedures were approved by the Institutional Animal Care and Use Committees of the University of Toronto. Acini were seeded in culture plates coated with 0.01% poly-L-lysine (Sigma-Aldrich) and cultured with medium containing a 1:1 mixture of DMEM-F12 (Invitrogen), 1 M dexamethasone (Sigma-Aldrich), 0.1 mM IBMX (Sigma-Aldrich), 100 U/ml penicillin-streptomycin, 5% FBS (vol/vol), and 0.015% STI (wt/vol) in a humidified incubator with 5% CO 2.
Immunostaining
Acini were seeded in culture plates coated with 0.01% poly-Llysine (Sigma-Aldrich) and cultured overnight as outlined above. Cells were then fixed with 4% paraformaldehyde in PBS (pH 7.4) for 15 min at room temperature and washed three times with PBS. Fixed acini were then permeabilized with 0.1% saponin for 15 min at room temperature and washed again three times with PBS. After being blocked with 10% normal goat serum (NGS), acini were washed three times with PBS and incubated with the indicated primary antibody (1:500 dilution in 0.1% NGS). After being washed three times with PBS, cells were incubated in the appropriate secondary antibody (1:500 dilution in 0.1% NGS). After washing was completed, coverslips were then mounted on slides using DAKO mounting medium and imaged using a Leica DMIRE2 inverted fluorescence microscope (Leica Microsystems, Richmond Hill, ON, Canada). Colocalization analysis was performed using Volocity 3DM software (Improvision, Coventry, UK). aprotinin, and 2.5 g/ml leupeptin] to the cultured acini on ice. Samples were then sonicated on ice. Samples were centrifuged (12,000 rpm, 4°C, 10 min), and the supernatant was collected. Quantification of the acini protein samples was done using the Lowry protein assay, and samples were read at 750 nm. Equal quantities of protein (20 g) were diluted in lysis buffer (as above) and boiled for 3 min. Samples were loaded onto a 12:15% gradient polyacrylamide gel and electrophoretically separated. Proteins were transferred overnight to a polyvinylidene fluoride membrane (Hybond, Baie d'Urfe, QC, Canada). The membrane was blocked for 1.5 h in TBS-T [150 mM NaCl, 50 mM Tris, and 0.1% Tween 20 (vol/vol), pH 7.5] containing 5% milk (wt/vol). Membranes were incubated in the indicated primary antibody for 1 h and then in the necessary peroxidase-conjugated secondary antibody [2% milk (wt/vol) in TBS-T, 1:40,000; Jackson ImmunoResearch Laboratories] for 1 h. Protein bands were visualized using enhanced chemiluminescence (GE Healthcare, Baie d'Urfe, QC, Canada).
Subcellular Fractionation
Acini were seeded in culture plates coated with 0.01% poly-Llysine (Sigma-Aldrich) and cultured overnight as outlined above. Twenty-four hours postinfection with Ad-syncollin-pHluorin, acini were rinsed twice with PBS (pH 7.4). The cells were collected in sucrose buffer (pH 6.0) containing 5 mM MES [2-(N-morpholino)ethanesulfonic acid], 0.3 M sucrose, 0.015% STI (wt/vol), 5.5 mM 2-mercaptoethanol, 5 g/ml aprotinin, and 2.5 g/ml leupeptin. Subsequently, the acini were homogenized on ice with a Potter-Elvehjem homogenizer and then sonicated on ice. The homogenates were centrifuged at 300 g for 10 min (4°C). The supernatant was then centrifuged at 900 g for 10 min (4°C). The pellet containing the ZG fraction was resuspended in lysis buffer (25 mM HEPES, 100 mM KCl, 1% Triton X-100, 5 g/ml aprotinin, and 2.5 g/ml leupeptin, pH 7.4) and sonicated on ice. The supernatant was subsequently centrifuged at 180,000 g for 1 h (4°C). The resulting pellet containing the microsomal fraction was resuspended in lysis buffer (as above) and sonicated on ice. Protein quantification of samples and immunoblotting were performed as outlined above except that 10 g of protein sample were loaded per lane and 12% polyacrylamide gels were used.
Generation of Ad-Syncollin-pHluorin
All PCR primers were obtained from IDT (Coralville, IA). PCR was performed using primers Syncollin F (5=-CTAAGATCTGCCAC-CATGGCATATCACGAAAAATGGTC-3=) and Syncollin R (5=-CCCGAATTCATAGCACTTGCAGTAGAGG-3=), pBluescript-syncollin-GFP as template, and PFU DNA polymerase (Fermentas, Burlington, ON, Canada). The syncollin cDNA was run on a 1% agarose gel to confirm its correct size (459 bp), after which it was PCR purified (Invitrogen). The cDNA and pcDNA3.1(ϩ) vector (Invitrogen) were then digested with restriction enzymes BglII and EcoRI (Fermentas) and ligated using T4 DNA ligase (Promega-Fisher Scientific, Nepean, ON, Canada). The ligated vector was then electroporated into DH5␣ electrocompetent cells (Invitrogen), which were then plated on ampicillin-containing lysogeny broth (LB) agar plates overnight at 37°C. Bacterial colonies were cultured in LB overnight at 37°C (250 rpm), and plasmid DNA was isolated (Qiagen, Mississauga, ON, Canada). Verification of positive bacterial clones was done via restriction enzyme digestion (Fermentas), and DNA sequencing (TCAG, Toronto, ON, Canada) using T7 and BGHR primers. After pcDNA3.1(ϩ)-syncollin was generated, PCR was performed using the primers pHluorin F (5=-CTAGAATTCATGAGTAAAGGAGAA-GAACT-3=) and pHluorin R (5=-CCCGATATCTTATTTG-TATAGTTCATCCATGCC-3=), pCMV-NPY-pHluorin as template, and PFU DNA polymerase (Fermentas). The pHluorin cDNA was ligated into pcDNA3.1(ϩ)-syncollin as indicated above (except with restriction enzymes EcoRI and EcoRV) to generate pcDNA3.1(ϩ)-syncollinpHluorin. Generation and amplification of adenoviruses was completed by Vector Biolabs (Philadelphia, PA).
Syncollin-pHluorin Imaging
Epifluorescence imaging. Epifluorescence imaging experiments were performed using a Nikon TE2000E inverted microscope (Nikon, Tokyo, Japan). Images were acquired at either ϫ10 or ϫ40 magnification using a lens with a numerical aperture of 1.45. All stimulations were done at room temperature, and analysis was performed using NIS Elements software (Nikon).
Spinning disk microscopy imaging. Acinar cells were cultured on 25-mm quartz coverslips coated with 0.01% poly-L-lysine (SigmaAldrich). All images were obtained using a Leica DMIRE2 inverted fluorescence microscope (Leica Microsystems) containing a spinning disk confocal scan head. Images were acquired using a Hamamatsu back-thinned EM-charge-coupled device camera (Hamamatsu, Bridgewater, NJ) with a 491-nm diode-pumped solid-state laser (Spectral Applied Research, Richmond Hill, ON, Canada) at a magnification of ϫ94.5 (ϫ63 objective). All stimulations were done using sulfated CCK-8 in Krebs-Ringer-bicarbonate-HEPES buffer (129 mM NaCl, 5 mM NaHCO 3, 4.8 mM KCl, 1.2 mM MgSO4, 1.2 mM KH2PO4, 1 mM CaCl2, and 10 mM HEPES) supplemented with 0.5 mM D-glucose and 0.1% BSA (wt/vol) and brought to pH 7.4. The stimulations were performed in a heated chamber equilibrated at 37°C. Data analysis was performed using Volocity 3DM software (Improvision). Z stacks were obtained with a z spacing of 0.5 m (unless otherwise stated) using an Improvision Piezo Focus drive (Spectral Applied Research). Z-stack slices were deconvolved using a point spread function (confidence limit ϭ 95%, iteration limit ϭ 20), and noise was removed. For quantification of exocytic events, an algorithm was applied to the data to find objects using intensity above a minimum threshold value to exclude background artifacts. The resulting regions of interest (ROIs) drawn were tracked over time using a shortest path algorithm with a maximum allowable distance of 1 m between ROIs of successive time points. The mean green fluorescence intensities within the ROIs were then graphed as a function of time.
Statistical Analysis
The degree of colocalization between syncollin-pHluorin and ␣-amylase in ZGs (Fig. 1B) was quantified using the Pearson correlation coefficient, which measures the degree of overlap between two fluorescent signals (30) . A Pearson coefficient can range from Ϫ1 to 1, with a value of 0 implying no colocalization and a value of 1 implying complete colocalization. Full width at half-maximum (FWHM) values of fluorescence intensity line profiles bisecting ZGs ( Fig. 1C; see Fig. 3 for examples of these exocytic events) were calculated using MATLAB (The MathWorks, Natick, MA). Gaussian trend lines were fit to the data to yield functions of the general formula
2 }, and ZG diameter was taken to be the FWHM fluorescence (0.5 · A ϩ y0). All data from the syncollin-pHluorin fusion protein to be ϳ40 kDa (Fig. 1A) , which is in agreement with the predicted molecular mass of this fusion protein (ϳ43 kDa). Infected acini were also immunostained and imaged using spinning disk microscopy to examine for correct localization of the syncollin-pHluorin to ZGs (labeled with an amylase antibody). The mean Pearson correlation coefficient was measured to be 0.539 (0.086 SD; n ϭ 16 acinar clusters analyzed), suggesting partial but high colocalization of syncollin-pHluorin with apical granular structures containing ␣-amylase (a ZG cargo protein) (Fig. 1B) . Thus syncollin-pHluorin is correctly targeted to ZGs in acinar cells. Although most syncollinpHluorin signal is located in the apically oriented ZGs, there is some lower intensity background signal present. As a result of pHluorin fusion to syncollin, some of the fusion proteins may be recognized by the cells as nonnative or misfolded proteins and may subsequently be degraded or retained in the ER or Golgi, possibly explaining this low level of background signal present. Subcellular fractionation confirmed that although significant levels of syncollinpHluorin protein were found in the ZG fraction, it was also present to a significant extent in the microsomal fraction (more so than VAMP8) (Fig. 1D ). For these fractionation experiments, VAMP8 was used as a positive control marker for ZGs because it is a ZG protein (53), whereas calnexin was used as a positive control marker for the microsomal fraction because it is an ER protein (52) .
To further confirm that the green fluorescent structures containing syncollin-pHluorin are indeed ZGs, syncollinpHluorin-expressing acini were stimulated with 300 pM CCK and imaged using spinning disk microscopy. Fluorescence intensity profiles of lines bisecting the exocytic events were then constructed ( Fig. 1C; see Fig. 3 for examples of these exocytic events). The mean FWHM (an estimate of the diameter of the structures) was calculated to be 0.93 (0.13) m (range 0.6 -1.2 m). This value does fall within the ranges for ZG diameters obtained by atomic force microscopy (0.2-1.2 m) (9, 22) and two-photon imaging studies using SRB dye (0.5-1.5 m) (33) .
pH Dependence of Syncollin-pHluorin
Another control experiment was conducted to verify that the pH-dependent fluorescence of pHluorin was unchanged by its fusion to syncollin. Mouse acini were infected with Ad-syncollin-pHluorin (6.1 ϫ 10 7 PFU), and the fluorescence of acinar clusters was imaged with an epifluorescence microscope 15 h postinfection (Fig. 2) . Figure 2A shows the brightfield and epifluorescent images of some representative acini both before (time t ϭ 0 min) and after (t ϭ 5.5 min) NH 4 Cl exposure. For quantification, ROIs were drawn around different acinar clusters (n ϭ 30) and the fluorescence intensity was measured over time. At t ϭ 5 min, the cells were exposed to 5 mM NH 4 Cl, and the fluorescence increased by as much as 58% above basal levels (Fig. 2) . In pHluorin studies involving neurons, NH 4 Cl has been used to assess the size of the readily releasable vesicular pool in neuronal boutons by neutralizing the vesicular pH in all vesicles (31) . At t ϭ 6 min, the NH 4 Cl was diluted (1:2) by addition of NH 4 Cl-free medium (washout), and the fluorescence accordingly decreased, although not entirely down to basal levels (Fig. 2) . These results confirm the pH dependence of syncollin-pHluorin.
Visualization of Maximal CCK-Evoked Apical and Sequential Exocytosis
Stimulation of syncollin-pHluorin-expressing acini with 300 pM CCK, known to maximally stimulate secretion, elicited a time-dependent increase in exocytic events within the apical poles of the acinar cells (Fig. 3A and Supplemental Movie 1). (Supplemental material for this article is available online at the American Journal of Physiology-Cell Physiology website.) When spinning disk microscopy images taken at t ϭ 0 and 20 min were compared, fluorescent ZG profiles were observed to sprout from previously fluorescent ZGs (shown more clearly in the enlarged image in Fig. 3B ). At t ϭ 20 min, many of the fluorescing ZGs are located close to or at the innermost periphery of the apical ZG pole. The fluorescence of these ⍀-shaped ZG profiles remained stable (for 20 min), which would be a prerequisite for fusion of the deeper ZGs to the already fused primary ZGs closer to the apical lumen (indicated by asterisk). We then quantified individual exocytic events, which showed a gradual increase in mean fluorescence intensity throughout the stimulation (Fig. 3C) . The low level of apical fluorescence at t ϭ 0 min seen in the acini imaged by spinning disk microscopy could be due to syncollin-pHluorin secreted into the apical lumen as a result of constitutive (unstimulated) exocytosis. Since syncollin strongly adheres to ZG membranes (15) , some of the syncollin-pHluorin released via constitutive apical exocytosis may adhere to the extracellular surface of the apical lumen, making it fluoresce, albeit weakly, even in the absence of any stimulated exocytic events. Experiments in neurons expressing synaptopHluorin found that those overexpressing the protein gave poor stimulation responses, so neurons with faint signals and little surface labeling were chosen (6) . Accordingly, for these acinar spinning disk experiments, every effort was made to image acinar clusters with a noticeable, yet not overwhelming, syncollin-pHluorin fluorescence in the basal state. As well, every effort was made to try to image smaller acinar clusters (3-4 cells per cluster) to ensure that the CCK would have easy access to the receptors, which are located on the BPM (42, 60) . The maximal CCK concentration used to elicit a strong apical exocytic response was 300 pM. Concentrations lower than 300 pM CCK did not elicit as strong a response (data not shown).
The apical exocytosis in Fig. 3 showed progressive fluorescent sprouting within the apical pole, thus suggesting sequential exocytosis. We therefore examined this type of exocytic event in greater detail in Fig. 4 using spinning disk microscopy (also see Supplemental Movie 2). On maximal stimulation with 300 pM CCK, we observed secondary exocytic events sprouting off of the primary exocytic events after some delay. Hence, in addition to visualizing exocytic events in the spatial context of the acinar cell, this syncollin-pHluorin technique is also capable of visualizing sequential ZG-ZG fusion events like previous imaging methods that have used extracellular dyes (33, 50) .
Visualization of Supramaximal CCK-Evoked Basolateral Exocytosis
Stimulation of syncollin-pHluorin-expressing acini with supramaximal CCK concentrations (600 pM) followed by spinning disk microscopy imaging revealed exocytic events in both the apical and basolateral poles of acini (Fig. 5A) . This finding corroborates older reports in which exposing dispersed rat pancreatic acinar cells to supramaximal CCK concentrations was found to redirect exocytosis to the BPM (44), which we recently confirmed (13) . Classification of exocytic events as either apical or basolateral was done in a manner similar to that used to classify secretory granules in polarized lacrimal acinar cells in an earlier report (54) . In our study, using the brightfield image of the acinus, two concentric circles were drawn centered on the apical lumen. The radius of the inner circle is two-thirds that of the outer circle. All exocytic events occurring within the inner circle are classified as apical, whereas those occurring in the outer ring are basal (Fig. 5A and Supplemental Movie 3). For asymmetric acinar clusters (e.g., cells of unequal size) like the one in Fig. 5A , individual concentric circles for each individual acinar cell in the acinus were drawn such that the edges of the outer circle touched the BPM of the acinar cell(s) being analyzed. Accordingly, the diagram in Fig. 5A was used only to quantify exocytic events in the bottom cell and the rightmost cell. As with Fig. 3 , the fluorescence of these apical exocytic events increased in intensity; however, the overall extent of apical exocytosis was less than that observed in Fig. 3 , suggesting that the efficiency of apical exocytosis was reduced by the supramaximal stimulation. Of note, the onset of the apical fusion events (events A and B in Fig. 5B ) preceded (at 15 min) the basolateral events (at 18 min; event C in Fig. 5C ). Interestingly, this basolateral exocytic event (Fig. 5C ) consisted of a very rapid and robust increase in fluorescence and approached a large size of 2.20 m (FWHM), suggesting that multi-ZG fusion may have taken place before its exocytosis with the BPM. We also observed a steep decline in intensity of the basolateral exocytic event (Fig. 5C, event C) . Although the rapid dissipation of syncollin-pHluorin signal at the BPM could be due to rapid retrieval and acidification of endosomes, it is likelier to be caused by the rapid emptying of the ZG contents to the cell exterior and dissipation of the syncollinpHluorin into the buffer medium. This finding is in contrast to the fluorescence intensity of the apical exocytic events, which either increased gradually (Fig. 5B, event A) or showed slow decline (Fig. 5B, event B ). An additional example of BPM exocytosis can be seen in Supplemental Movie 4. We also noted that the adenovirus-infected acini after cell culture were vulnerable to damage when exposed to higher supramaximal stimulation with 30 nM CCK (data not shown), which is reminiscent of the cell damage caused by supramaximal CCK-induced pancreatitis (46) .
DISCUSSION
For acinar exocytosis imaging, syncollin-pHluorin was used instead of the original synapto(VAMP2)-pHluorin fusion protein (31) for the reason that pancreatic acini may have distinct ZG populations expressing either VAMP2 or VAMP8 (14, 58) . Syncollin-pHluorin, being a ZG content protein, would not discriminate between ZG populations and thus may not visualize all exocytotic events, as we observed in this study. Nonetheless, the use of distinct v-SNAREs (VAMPs) tagged Fig. 4 . Syncollin-pHluorin tracking of sequential ZG-ZG fusion in acini. Twelve hours after infection with Ad-syncollin-pHluorin, acini were stimulated with 300 pM CCK at 37°C for 15 min (agonist added at t ϭ 0 min) and imaged using spinning disk microscopy (z spacing ϭ 0.75 m). The asterisk indicates the apical lumen, and the fluorescent snapshots are enlarged views of the box outlined in the brightfield image. The primary (1°) fusion event is followed by a secondary (2°) fusion event (i.e., a ZG that has fused to the primary ZG) (DIC scale bar ϭ 16 m; green channel grid unit length ϭ 8.64 m). The acinus imaged is the same as that depicted in Supplemental Movie 2.
with pHluorin could be employed to distinguish the different exocytotic events in the pancreatic acinar cell. The syncollinpHluorin fusion protein was properly translated in acini (Fig.  1A) and correctly targeted to ZGs as a cargo protein as determined by immunofluorescence (Fig. 1B) and subcellular fractionation (Fig. 1D) . The colocalization was high but was not perfect [mean Pearson coefficient ϭ 0.539 (0.086)], likely because 1) the cells recognized some of the syncollin-pHluorin Ad-syncollin-pHluorin, acini were stimulated with 600 pM CCK at 37°C for 30 min (agonist added at t ϭ 0 min) and imaged using spinning disk microscopy. The image at left is the brightfield image at t ϭ 15 min after stimulation. The asterisk indicates the apical lumen in both images. Two concentric circles are drawn, centered on the apical lumen in each image. The inner circle (dashed) has a radius that is two-thirds that of the outer circle (solid). All exocytic events occurring within the inner circle were classified as apical events. Exocytic events occurring outside of the inner circle but inside the outer circle were classified as basal events. In the fluorescent image at right, obtained by spinning disk microscopy, the arrow shows the basal exocytic event at t ϭ 18 min (z spacing ϭ 0.5 m; DIC scale bar ϭ 16 m; green channel grid unit length ϭ 8.64 m). The acinus imaged is the same as that depicted in Supplemental Movie 3. In Bi, solid arrows indicate apical exocytic events A and B. In Ci, dashed arrows the basolateral exocytic event C, whose location corresponds to the double asterisk in the brightfield image (A). The exocytic events shown are quantified in Bii and Cii, which show the mean fluorescence intensity of ROIs (normalized to the area of the ROI) vs. time. The minimum threshold intensity for an object to qualify as an exocytic event was 7,000 AU.
as nonnative or misfolded proteins and subsequently retained them in the ER or Golgi, as illustrated by the fractionation data (Fig. 1D) ; and/or 2) the culture times used were too short (12-16 h) to ensure complete ZG targeting and maturation of all synthesized syncollin-pHluorin, and thus some mature ZGs with ␣-amylase would not have sufficient syncollin-pHluorin targeted to them (as shown in Fig. 1B, see right regions of  insets) . Increasing culture time unfortunately reduces responsiveness of the cultured cells to agonist stimulation. Exocytosis imaging experiments were performed 12-16 h postinfection. It was found that secretory competence of the acini was best before 16 h postinfection and that the secretion response became less robust after 16 h postinfection. Imaging the cells earlier than 12 h postinfection was found to be too soon to show a strong secretion response, possibly because syncollinpHluorin might not have been targeted to ZGs yet or because the ZGs containing syncollin-pHluorin might not have been mature enough for secretion yet.
The pH-dependent fluorescence of syncollin-pHluorin was also confirmed (Fig. 2 ) before we proceeded with exocytosis imaging experiments. With high spatial resolution, spinning disk microscopy experiments then successfully showed both apical (300 pM CCK; Figs. 3 and 4 and Supplemental Movie 1) and basolateral (600 and 10,000 pM CCK) exocytic fusion events ( Fig. 5 and Supplemental Movies 3 and 4). Because stimulation with supramaximal CCK could cause an increase in ZG lumen pH through increased vacuolar ATPase activity (57) , supramaximal stimulus could cause syncollin-pHluorin fluorescence without exocytosis occurring. However, we think that the rapidity of the change in fluorescence of the syncollinpHluorin more favorably indicates the opening of ZGs to the cell exterior, rather than dysregulated vacuolar pumps caused by supramaximal stimulus. In addition to visualizing apical and basolateral exocytosis, this technique also permitted visualization of sequential ZG-ZG fusions (Fig. 4 and Supplemental Movie 2).
Some of the basolateral fusion events (Fig. 5 and Supplemental Movie 3) seemed to have larger diameters than apical ones. This finding could possibly be due to homotypic ZG-ZG fusion before ZG-BPM fusion. Alternatively, perhaps the size difference between the APM and BPM events is due to differential diffusion rates of syncollin-pHluorin out of the ZGs in these different cellular localizations. Syncollin, although it adheres to the luminal ZG face, lacks a transmembrane domain (2) and can empty out of exocytosed ZGs (23, 24) . Because the basal membrane, totally exposed to the alkaline extracellular medium, is less confined relative to the lateral or apical membranes, syncollin-pHluorin diffusion from ZGs at the BPM may be enhanced (as shown in Fig. 5 ). Emptying in the apical lumen would be slower because the ZG contents have to traverse the acinar ductules. Therefore, BPM exocytic events may appear larger than APM ones. From the time of stimulation to the appearance of BPM exocytic events (Fig. 5) , there also seemed to be a longer delay for the BPM exocytic events than that observed for APM exocytic events (Figs. 3 and 4) . This finding corroborates previous findings that BPM exocytic events are delayed (28) . The delay may be due to the requirement of actin cytoskeleton disassembly (which occurs with supramaximal CCK) (25) to allow ZGs to move to the basolateral pole and exocytose.
The use of an endogenous secretory vesicle marker (e.g., syncollin) tagged to a fluorescent protein circumvents many of the problems associated with EM and exocytosis imaging methods using extracellular dyes (outlined in the Introduction). In particular, the method of using syncollin-GFP for labeling secretory granules has enabled visualization of pancreatic ␤-cell insulin granules (29) and lacrimal acinar secretory granules (23) . Before development of the syncollin-pHluorin technique, we had attempted to employ Ad-syncollin-GFP to image pancreatic acini exocytosis, but with no success. Although Ad-syncollin-GFP did label ZGs well, upon CCK stimulation, epifluorescence imaging showed no noticeable loss of GFP fluorescence, which would be the indicator that exocytosis is occurring (data not shown). This lack of signal loss may be due to syncollin sticking to the luminal membrane of pancreatic acinar ZGs more than it does in secretory granules of lacrimal acini or insulin granules. Hence, the novel syncollin-pHluorin strategy described in this report is a significant improvement compared with GFP-tagged fluorophores, at least for pancreatic acinar cells.
Combining the syncollin-pHluorin strategy with the use of a spinning disk microscope makes the strategy even more versatile. Conventional confocal microscopes use point scanning to scan images, in which a laser is focused to a point (using a pinhole), which then scans a given sample using mirrors. The main disadvantage of this imaging modality is that it is slow due to the mechanical scanning. Thus significant time is needed to obtain a single image frame and rapid dynamic changes occurring in cells cannot be resolved with high temporal resolution. In a spinning disk (or Nipkow disk) microscope, a disk containing many microlenses directs multiple beams of laser light through an array of many pinholes in another coaxial disk. By spinning these coaxial disks rapidly, many frames per second can be obtained. Furthermore, because the scan speed is so quick, images in different planes can be acquired with high temporal resolution such that three-dimensional (3D) z-stack images can be assembled with minimal movement of cellular structures in between successive scans if the scan speed is quick enough. An additional advantage of spinning disk microscopy is that it uses significantly lower laser power than conventional confocal microscopy. As a result, photobleaching and phototoxicity are minimized, making spinning disk microscopy a better option for imaging cells that are living (i.e., not fixed) and thick (e.g., pancreatic acini) (32) .
We now summarize the advantages of this novel syncollinpHluorin imaging technique. First, the novel exocytosis imaging technique is able to image living cells in real time (i.e., with high temporal resolution). Second, imaging of live samples causes minimal photodamage to the cells such that the results are physiologically relevant. Third, it is able to distinguish between exocytosis and endocytosis (or any other process in which membrane surface area increases, such as apoptotic blebbing). Finally, the technique should more easily allow for visualization of fusion events in three dimensions.
Perhaps the major limitation of this new acinar imaging technique stems from the problems associated with culturing acinar cells. The use of adenovirus-mediated manipulation of SNARE gene expression in pancreatic acini is well established (34, 36) . However, since pancreatic acini do not last long in culture without losing their secretory function (21, 34, 39) , the timeline during which experiments can be conducted with cultured acini is restricted. Use of adenoviruses for performing cultured infections of acinar cells usually involves incubation times of 16 h (4, 5, 8) , although some such studies have used incubation times ranging anywhere from 4 to 20 h (7). FM1-43 studies previously reported by our laboratory (12) (13) (14) typically used fresh acini (not cultured), and both apical and basal (but not lateral) membrane exocytosis were much more frequently observed than in our current study, in which the cultured acini experienced reduced secretory competence. Although we have done very few FM1-43 imaging experiments on cultured acini, we have also observed qualitatively less apical and basal membrane exocytosis using FM1-43 in cultured vs. freshly isolated acini (data not shown). The blunted secretory responses of cultured acini could explain why the onset, rapidity, and number of exocytic responses to maximal stimulation in our study using cultured acini (Figs. 3 and 4 ) seemed slower and reduced compared with those reported by Nemoto et al. (33) and Thorn et al. (50) employing freshly prepared acini. In addition, the secretory response may appear to be further blunted because only ZGs that have been synthesized after Ad-syncollin-pHluorin infection can be visualized upon fusion. Thus exocytosis of older ZGs (i.e., those synthesized before virus infection of the cells) may not be visualized. In addition to a blunted secretory response, our results also differ from those of Nemoto et al. (33) and Thorn et al. (50) in that we observed longer durations of the exocytic events, likely due to a perturbation in the reacidification of the ZGs caused by the longer term culture conditions. If true, the pHluorin would remain fluorescent longer (even after closure of fusion pores) than in studies using fresh acini and external fluorescent dyes. One potential strategy to circumvent this limitation of cultured acini is in vivo infection of the pancreas (62), followed by prolonged incubation (e.g., 1 wk) to ensure syncollin-pHluorin targeting to ZGs. The acini can then be prepared acutely and examined without long-term culture.
Because of its numerous advantages over previous imaging assays, this novel imaging technique will be instrumental in examining many aspects of the dynamics and kinetics of pancreatic acinar exocytosis. For example, it can be used to examine pathological acinar exocytosis. It has previously been reported that ethanol inhibits acinar secretion and causes redirection of exocytosis from the APM to the BPM (12) (13) (14) . Syncollin-pHluorin imaging could be coupled with alcoholic pancreatitis models to confirm that ethanol causes this misdirected exocytosis. Quantification of acinar exocytic events with this technique also may be applied to studies involving transgenic mice deficient in various acinar-specific exocytic proteins (i.e., SNARE protein), particularly the exocytic proteins that mediate physiological sequential ZG-ZG fusion and pathological basolateral exocytosis in the pancreatic acinar cell.
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